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N
owadays the interest concerning environmental 
protection and energy saving is changing our choice of 
metallic materials in the automobile industry 
[1]. The light-
weight structural materials applied in the automobile and 
aerospace industry promote our study on light alloys
[2]. 
Magnesium has the highest strength-to-weight ratio in the 
commonly used non-ferrous metallic materials 
[3]. In addition, 
the advantages of magnesium alloys lie in their relatively low 
density, good castability, high specific strength and machining-
ability. However, the strength and creep resistance at elevated 
temperatures have restricted their further applications 
[4-5].  In 
order to enhance the properties of magnesium alloys and to 
further increase their industrial applications 
[6], it can be an 
effective measure to develop magnesium matrix composites. 
At present, particulate reinforced magnesium matrix 
composites have many advantages over magnesium base   
alloys, such as higher specific modulus, strength and thermal 
stability along with improved tribological properties. Selection 
of particles is dependent on the size, shape, volume fraction of 
the reinforcement and applications of the composite materials 
[7-8]. Compared with the common particles (e.g. Mg2Si, AlN, 
MnO2, Al2O3 and Fe2O3, etc. 
[9]) in the above considerations, 
ceramic particles exhibit many advantages — high modulus, 
high tensile strength and high wear property. Thus, developing 
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ceramic particulate reinforced magnesium matrix composites 
should be a good choice. 
Furthermore, the hexagonal close-packed (HCP) crystal 
structure of magnesium has only three slip systems at room 
temperature. From this perspective, pure magnesium may 
not be suitable as a substrate material. Heat-treated AZ91 
magnesium alloy exhibits excellent mechanical properties 
over pure magnesium, and it is one of the most widely used 
magnesium-based engineering materials 
[10]. Although there 
are many ceramic particulates that can be considered as 
reinforcement, ZrB2 ceramic seems to be more suitable to 
reinforce magnesium because its crystal lattice is the same as 
that of magnesium alloy. In addition, the ZrB2 particles which 
are considered as heterogeneous core 
[11] in α-Mg can refine 
grain size of the alloy and the intermetallic β-Mg17Al12.
Obviously, much research work has been carried out to 
refine the grain size of AZ91 alloys 
[12], but the grain refinement 
of magnesium matrix composite is still under investigation. 
In the present work, in-situ ZrB2/AZ91D magnesium matrix 
composite was successfully synthesized by a new method. 
The microstructure and grain refinement mechanism of the 
composite material were preliminarily studied.
1 Experimental procedure
Industrial AZ91D magnesium alloy (its chemical composition 
given in Table 1), pure aluminum (99.9% purity), pure 
magnesium (99.9% purity), K2ZrF6 powder (analytical reagent, 
size≤0.1 mm) and NH4BF4 powder (analytical reagent, 
size≤0.5 mm) were used as the starting materials. 29
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In order to obtain ZrB2/AZ91D magnesium matrix 
composite, the experiment was divided into two steps which 
were carried out simultaneously.
First of all, the K2ZrF6 was dried in drying oven at 473 K for 
3 h. Taking the decomposition temperature of NH4BF4 (383 
K) into consideration, the NH4BF4 powder was dried in drying 
oven at 353 K for 5 h. After cooled to the room temperature, 
the K2ZrF6 and NH4BF4 powder materials at a mole ratio of 
1:2.5 and a weight ratio of 50wt.% between the combined 
powder to the total pure aluminum were mixed homogeneously 
and wrapped with aluminum foil. The pure aluminum was 
melted in a crucible resistance furnace. The mixed powder 
was added into the aluminum melt with a bell jar when the 
temperature of the aluminum melt reached 1,143 K. Then the 
melt was degassed by hexachloroethane for 30 min. At last, the 
temperature of Al-ZrB2 melt was kept in 1,053 K.
At the same time, the AZ91D alloy ingot was melted in a 
crucible under the shield gas atmosphere of CO2 and (0.5%, 
volume fraction) SF6. A portion of Al-ZrB2 melt was added 
into the AZ91D melt directly at 1,023 K. Apparently, there 
was some increase of Al content in AZ91D melt as Al-ZrB2 
melt was added into it, thus it is necessary to add a certain 
amount of pure magnesium to restrain the change of aluminum 
content. To ensure that the Al-ZrB2 melt could be dispersed 
into AZ91 melt uniformly, the mixed melt was manually 
stirred for about 30 s every 2 min using a coated stainless steel 
impeller and held at 1,023 K for 10 min. Finally, the melt was 
poured into a preheated copper mould at the temperature of 
993 K. The gage dimension of the casting is 80 mm × 70 mm 
× 8 mm.
After cooled to the room temperature, a number of small 
specimens were cut from the obtained casting, and some of 
them were used for XRD and SEM analysis. To reveal grain 
boundaries and to determine grain size, several specimens were 
held at 693 K for 8 h, and then were air-cooled. After the heat 
treatment, most of β-Mg17Al12 phase in AZ91D was dissolved 
into α-Mg. In order to show the dendrite morphology of 
β-Mg17Al12, these specimens were etched by alcoholic solution 
containing nitric acid, hydrochloric acid and acetic acid. These 
specimens were examined with an optical microscope (LEICA 
DFC420) and a scanning electron microscope (JSM-7001F). 
The X-ray diffractometer (Rigaku D/Max22500 /pc) was also 
used to analyze phases which exist in the specimen.
2 Results and discussion
It is known that Ti and Zr belong to the group ⅣA in the 
periodic table of elements, suggesting that they have similar 
chemical properties. According to the reaction equation of 
Al-KBF4 + K2TiF6 
[13], the probable products of Al-NH4BF4 + 
Fig. 1: XRD pattern of ZrB2 by in-situ synthesis in 
pure aluminum
K2ZrF6 reaction system are as follows: 
         3K2ZrF6+13Al = 3ZrAl3+K3AlF6+3KAlF4
          NH4BF4→NH3+HF+BF3
          2BF3+Al = AlB2+3F2
         AlB2 +ZrAl3 = ZrB2+4Al   
   The possible equation for the overall reaction:
6NH4BF4+3K2ZrF6+4Al = K3AlF6+3KAlF4+6HF+9F2+6NH3 
+3ZrB2
Figure 1 shows the XRD pattern of ZrB2 by in-situ 
synthesis in pure aluminum. It consists of α-Al and ZrB2 and 
demonstrates that those particles are ZrB2. According to the 
equation (2NH4BF4 + K2ZrF6→ZrB2), it is possible to generate 
ZrB2 in aluminum melt when the mole ratio of K2ZrF6 and 
NH4BF4 is 1:2. The combined powder of K2ZrF6 and NH4BF4 
(at the mole ratio of 1: 2.5) was added into aluminum melt in 
the experiment, so NH4BF4 should be excessive in this case. 
As shown in the reaction equation (AlB2+ZrAl3 = ZrB2+4Al), 
excessive AlB2 promotes the formation of ZrB2 but inhibits the 
existence of ZrAl3. For this reason, the ZrAl3 phase was not 
obviously identified in Fig. 1.
Table 1: Chemical composition of AZ91D alloy ( wt.%)
   Al   Zn    Mn    Si    Cu    Fe     Be     Ni     Mg
  9.06  0.68  0.196  0.047  0.0042  0.0012  0.0009  0.0008     Bal.
Figure 2 shows the SEM microstructures and the energy 
dispersive X-ray spectroscopy (EDS) spectrum graph of the 
ZrB2 fabricated from Al/K2ZrF6 + NH4BF4 system. As shown 
in Fig. 2(a), the size of in-situ ZrB2 particles is below 2 μm in 
pure aluminum. It indicates that the morphology of the ZrB2 
particles is hexagon or short-bar shaped. Difference in the 
shapes is largely due to the fracture of column-like particles 
generated in the melt and the features in cross-section direction 
or length direction are shown in the SEM microstructures. The 
EDS spectrum graph in Fig. 2(b) demonstrates the existence of 
Al, Zr and B three elements, suggesting that the zirconium and 
boron compound is ZrB2.
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Fig. 2: SEM microstructure and EDS graph of ZrB2 fabricated from Al/K2ZrF6 + NH4BF4 system
Fig. 3: XRD pattern of ZrB2/AZ91D magnesium matrix 
composite
As shown in Fig. 3, there are ZrB2, α-Mg and β-Mg17Al12 in 
the magnesium matrix composite. The result illustrates that the 
ZrB2 particles added by direct melt mixing method still exist in 
AZ91D. 
As shown in Fig. 4(a), the in-situ ZrB2 particles are 
distributed in relative dispersed-state within the whole 
magnesium matrix. From the macro perspective, the size 
of ZrB2 particles is below 3 μm. Figure 4(b) displays the 
morphology of in-situ ZrB2 particles in Fig. 4(a) with high 
magnification. It indicates that the morphology of the ZrB2 
particles is hexagon or short-bar shaped. From the micro 
perspective, the size reaches micron/nanometer standard, even 
to 100 nm. Figure 4(c) and Fig. 4(d) prove the existence of 
(Zr, B, Mg and Al) four elements in the magnesium matrix 
composite. Comparing the shape of ZrB2 in aluminum with 
that in AZ91D, it is clear that these particles all are ZrB2. The 
volume fraction of ZrB2 particles was estimated using Image 
Pro Plus 6.0 software. The result shows that the average 
volume fraction is about 8.4% through the distinction among 
the pixels in many experimental images.
High magnification of in-situ ZrB2 in aluminum                                                        EDS graph of A area in (a)
(a) Distribution of in-situ ZrB2 particles
      in magnesium matrix composite
(b) Morphologies of in-situ ZrB2 particles with high magnification
(c) SEM image showing location for analysis
α-Mg
Mg17Al12
ZrB2
(b) (a)31
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Figure 5(a) and Fig. 5(b) present the typical microstructures 
of primary α-Mg in the AZ91D alloy and ZrB2/AZ91D 
magnesium matrix composite. It shows that the primary grains 
in AZ91D alloy are developed dendrites with long secondary 
dendrite arms (Fig. 5a). When ZrB2 particles act as the 
magnesium matrix refiner in AZ91D alloy, the refining effect 
is improved. Consequently, the size of the primary dendrites 
becomes much smaller, and uniform equiaxed grains appear in 
Fig. 5(b). For the sample (AZ91D) with the solution treatment 
(16 h), the average grain size is about 250 μm (Fig. 5c). For the 
samples (ZrB2/AZ91D magnesium matrix composite) with the 
solution treatment (16 h), the average grain size is about 50 μm 
(Fig. 5d). Due to the existence of ZrB2 particles, the average 
grain size was refined from about 250 μm to 50 μm. As shown 
in Fig. 5(e), an obvious network structure of the intermetallic 
Fig. 5: Effects of in-situ ZrB2 on corrosion microstructures of AZ91D alloy
  Fig.4: SEM microstructures and EDS graph of ZrB2 
fabricated from Al/K2ZrF6 + NH4BF4 system in AZ91D 
alloy 
(d) EDS graph in (c)
 (a) Morphology of primary α-Mg in AZ91D alloy
(b) Morphology of primary α-Mg in ZrB2/AZ91D 
magnesium matrix composite
(c) Microstructure of heat-treated AZ91D alloy (d) Microstructure of heat-treated ZrB2/AZ91D 
magnesium matrix composite
(e) Morphology of β-Mg17Al12 phase in AZ91D  (f) Morphology of β-Mg17Al12 phase in ZrB2/AZ91D 
magnesium matrix composite
(d)
β-Mg17Al12
β-Mg17Al12
α-Mg
α-Mg
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β-Mg17Al12 phase was detected by SEM and its size is over 50 
μm. Figure 5(f) presents the intermetallic β-Mg17Al12 phase 
in the ZrB2/AZ91D magnesium matrix composite. The shape 
of β-Mg17Al12 phase was mostly changed into small block 
structure and its size decreased to less than 10 μm. Therefore, 
it is clear that the Al-ZrB2 melt can efficiently refine the 
AZ91D magnesium alloy and that the in-situ ZrB2 particles 
added by direct melt mixing method play a significant role in 
the grain refinement and the intermetallic β-Mg17Al12 phase 
refining.
In order to understand how ZrB2 particles affect the grains 
of AZ91D alloy and β-Mg17Al12 phase, it is necessary to know 
the process of nucleation and solidification type. The structure 
of ZrB2 (a = 0.3169 nm, c = 0.3530 nm) and α-Mg (a = 0.3203 
nm, c = 0.5200 nm) are both hexagonal, and according to the 
disregistry model of two-dimensional lattices proposed by 
Bramfitt 
[14], the disregistry between the low index planes of 
them can be calculated by the formula below:
The calculation results show that the smallest disregistry 
between ZrB2 and α-Mg is 5.11% while their crystallographic 
orientation relationship is (0001) Mg// (0001) ZrB2, which is 
less than 6% — the critical value for the nucleating particles to 
act as heterogeneous nuclei. Therefore in theory, ZrB2 particles 
can act as the heterogeneous nuclei for the grain refinement 
of AZ91D magnesium alloy. ZrB2 particles which act as the 
heterogeneous nuclei of α-Mg can increase the amounts of the 
crystal boundaries in the process of nucleation. Solidification 
schemes exhibit the process of solidification in ZrB2/AZ91D 
magnesium matrix composite (Fig. 6).
Figure 6(a) and Fig. 6(b) show ZrB2 particles in AZ91D 
melt and the grain growth at the beginning of solidification, 
respectively. It is obvious that the ZrB2 particles serve as 
heterogeneous nuclei and promote the formation of crystalline 
nuclei in the liquid. Figure 6(c) presents the grain in the solid 
phase. At last, the precipitation of β-Mg17Al12 phase is mainly 
at the grain boundaries in the process of cooling to room 
temperature (Fig. 6d).
Fig. 6: Solidified schemes of ZrB2/AZ91D magnesium matrix composite
On the one hand, ZrB2 particles as heterogeneous nuclei 
reduce the interfacial energy of nucleation, and then it is 
easy to nucleate in a small undercooling. The higher the 
number of the crystal nucleus, the more the grains to form 
in solidification process. Due to the increase of grains, the 
tendency of grain growth among grains inhibits other grain 
sizes, meaning that the possibility of forming big grains is very 
low, thus crystal grains are refined apparently. On the other 
hand, the network structure of the intermetallic β-Mg17Al12 
phase in the AZ91D alloy is broken into blocky structure in 
the ZrB2/AZ91D magnesium matrix composite. The main 
reason is that the β-Mg17Al12 phase mainly exists at the grain 
boundaries; and more grains generate more overall grain 
boundaries; and relatively less space among grain boundaries 
makes the network structure of β-Mg17Al12 phase into small 
blocks. As a result, these lead to the amount reduction of 
the β-Mg17Al12 phase per unit crystal boundary area and the 
uniform distribution in matrix composite. Therefore, ZrB2 
particles have positive effects on the grain refinement and the 
intermetallic β-Mg17Al12 phase. 
3 Conclusions
(1) A new synthetic reaction concerning Al/NH4BF4+K2ZrF6 
was developed by Direct Melt Reaction.
(2) The ZrB2/AZ91D magnesium matrix composite was 
fabricated with in-situ ZrB2 particles by direct melt mixing 
method. The size of ZrB2 particles is less than 3 μm and even 
reaches to 100 nm in the magnesium matrix composite.
(3) The ZrB2 particles which act as the heterogeneous nuclei 
of α-Mg can effectively refine the grain size and change the 
morphology of β-Mg17Al12 phase. 
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